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The occurrence of aseismic creep along seismogenic faults significantly impacts seismic hazard assessment by 
releasing accumulated stress and reducing the slip deficit. Since the 1999 𝑀𝑤7.6 Izmit earthquake on the North 
Anatolian Fault in Türkiye, while aseismic creep has been observed as a postseismic response to the Izmit rupture, 
additional slow slip events were detected in 2015 and 2016, accommodating several millimeters of relative 
displacement over periods of approximately one month. By automating Interferometry Synthetic Aperture Radar 
time series processing from 2016 to 2021 (FLATSIM project) and applying specific post-processing, we extract the 
tectonic signal to estimate the slip dynamics of the Izmit segment, including the detection and characterization 
of slow slip events. Modeling the slip distribution at depth on a 2D fault interface within a layered elastic half-
space, we estimate a locking depth of 11 𝑘𝑚 and steady creep between 2 and 5 𝑘𝑚. Above the steady creep zone, 
we identify two new shallow slow slip events in March 2018 and November 2019, with moment magnitudes 
of 4.3 and 4.4, respectively. Based on creepmeter measurements, we estimate a lateral propagation velocity of 
6.4 𝑘𝑚∕𝑑𝑎𝑦 for the 2019 event. The location of these shallow slow slip events above the sedimentary-bedrock 
interface suggests a critical role of variations in frictional properties in the occurrence of transient slip events.
1. Introduction

The growing number of seismological and geodetic observations has 
enabled to refine the seismic and aseismic slip behaviors of worldwide 
active faults (e.g. Bürgmann, 2018). A large diversity of aseismic be-
haviors is observed, ranging from steady-state creep to slow slip events 
(SSEs), also referred to as transient creep events, that can last from min-
utes to years. The first observations of aseismic creep came from Stein-
brugge et al. (1960) who highlighted the existence of shallow creep on 
a continental strike-slip fault by analyzing distortions on constructions 
in the cities above San Andreas Fault (SAF) zone. Since these obser-
vations, aseismic deformation on faults has been extensively studied 
using various geodetic techniques including Global Navigation Satellite 
System (GNSS), strainmeters, creepmeters and Interferometry Synthetic 

* Corresponding author.

Aperture Radar (InSAR). Transient SSEs have mostly been detected on 
subduction zones including the Cascadia subduction zone (Dragert et 
al., 2001), the Nankai subduction zone (Obara et al., 2004), in Mex-
ico (Radiguet et al., 2011), New Zealand (Wallace et al., 2016), Alaska 
(Rousset et al., 2019), Costa Rica (Jiang et al., 2012), Ecuador (Vaca et 
al., 2018), and more recently in Chile (Klein et al., 2017). They have 
been observed at both the deep (e.g. Dragert et al., 2001; Obara et al., 
2004) and shallow (McCaffrey et al., 2008; LaBonte et al., 2009, e.g.) 
ends of the seismogenic zone. Several continental strike-slip faults ap-
pear to also be affected by SSEs such as the SAF (e.g. Rousset et al., 2019; 
Gittins and Hawthorne, 2022), the San Jacinto Fault close to the Anza 
gap (Inbal et al., 2017), the Superstition Hills Fault (Wei et al., 2009), 
the Haiyuan Fault (Jolivet et al., 2012) and the North Anatolian Fault 
(NAF) (Rousset et al., 2016; Aslan et al., 2019; Jolivet et al., 2023).
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On continental strike-slip faults, SSEs predominantly occur within 
the upper few kilometers, exhibiting slip amplitudes ranging from mil-
limeters to centimeters and equivalent moment magnitudes from 4 to 
5 where estimable (e.g. Wei et al., 2009; Rousset et al., 2016; Materna 
et al., 2024). These events recur every few months to years or decades 
(Wei et al., 2013; Bilham et al., 2016; Vavra et al., 2024) and recurrence 
intervals can transition from shorter to longer periods during the post-
seismic phase (Wei et al., 2013). The SSEs timing can also be influenced 
by dynamic stresses from nearby large earthquakes (Wei et al., 2011).

The primary explanation for shallow creep on strike-slip faults is the 
presence of poorly consolidated sediments close to the surface (Scholz, 
1998). Lateral alternations of creeping and locked segments could be 
due to lateral variations in mineralogical composition of the gouge, 
with talc and serpentine for example, deforming and transforming into 
low-friction minerals, favoring creep (e.g. Bürgmann, 2018; Kaduri et 
al., 2017). The presence of high pore fluid pressure on some segments 
may also enhance aseismic slip, as evidenced in geothermal contexts 
(e.g. Guglielmi et al., 2015). In the framework of rate-and-state fric-
tion seismic cycle models for purely elastic media, shallow creep can be 
reproduced with a shallow velocity-strengthening layer (Kaneko et al., 
2013). The emergence of transient SSEs can arise by adding a layer of 
velocity-neutral friction also referred to as conditionally stable (Wei et 
al., 2013). However, the small number of SSE observations on strike-
slip fault contexts limits our understanding of the underlying physical 
processes and key mechanical parameters. A better description of the 
mechanisms governing the various aseismic slip behaviors on faults and 
the possible interactions between seismic and aseismic slips through-
out the various phases of the seismic cycle is crucial to improve seismic 
hazard models (Avouac, 2015).

In this paper, we focus on the Izmit segment of the NAF in Türkiye 
where aseismic creep is observed since the 1999 𝑀𝑤7.6 Izmit earth-
quake from geodetic measurements (Cakir et al., 2012; Hussain et al., 
2016; Aslan et al., 2019; Özarpacı et al., 2020). Based on automatically 
processed Sentinel-1 InSAR time series from 2016 to 2021, we apply 
a sequence of post-processing steps to extract the tectonic signal and 
study the slip behavior of the segment, in comparison with creepmeter 
records with higher temporal resolution.

2. Tectonic context

The right-lateral strike-slip NAF located between the Anatolia and 
Eurasia plates, with a relative velocity of 24 ± 1 𝑚𝑚∕𝑦𝑟 (McClusky et 
al., 2000; Reilinger et al., 2006; Nocquet, 2012), crosses Türkiye from 
East to West over a length of 1600 𝑘𝑚. Since the 1930’s, it has been 
affected by a seismic sequence that includes 7 𝑀𝑤 ≥ 7 earthquakes, 
propagating westwards from Erzincan to the Izmit segment (Fig. 1), until 
the offshore segment below the Marmara Sea which remains a seismic 
gap and threatens the region of the megalopolis of Istanbul (Stein et al., 
1997).

The two last 𝑀𝑤7.6 and 𝑀𝑤7.2 earthquakes of this sequence rup-
tured in 1999 the Izmit and Düzce segments (red line Fig. 1B), re-
spectively. The coseismic deformation of the Izmit mainshock has been 
widely studied, using seismic data (e.g. Bouchon et al., 2001), geodetic 
data including SAR acquisitions and GNSS data (e.g. Delouis et al., 2002; 
Feigl et al., 2002) and field observations (e.g. Barka, 2002). The Izmit 
bilateral rupture from the epicenter (40.76°N, 29.97°E) led to numerous 
coseismic slip models showing between two and three main slip asperi-
ties, with a slip amplitude reaching 8𝑚 (e.g. Delouis et al., 2002; Feigl et 
al., 2002). The 𝑀𝑤 ≥ 3 aftershocks are concentrated on the rupture seg-
ment, leading to the nucleation of the Düzce earthquake 87 𝑑𝑎𝑦𝑠 later 
and a seismic quiescence on the Izmit segment after the Düzce rupture 
(Karabulut et al., 2011).

Studies of several time periods following the mainshock reveal a 
postseismic phase in two stages: i) rapid deep afterslip in areas surround-
ing the coseismic slip during the first ∼ 2.5 𝑦𝑒𝑎𝑟𝑠 (e.g. Bürgmann et al., 
2

2002; Hearn et al., 2002), ii) viscoelastic relaxation of the lower crust 
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and upper mantle over the decades following the earthquake (Ergintav 
et al., 2009), as shown by Hearn et al. (2009) and Wang et al. (2009)
who used various rheological models to compute the postseismic defor-
mation and found a viscosity for the lower crust and the upper mantle 
of ∼ 2.1018 −5.1019 𝑃𝑎.𝑠 and ∼ 7.1019 −2.1020 𝑃𝑎.𝑠, respectively. Com-
parison of afterslip models indicates a common slip area that rapidly 
initiated below the Izmit segment at a depth of 12 − 24 𝑘𝑚 with a max-
imum amplitude of 2 𝑚 (Çakir et al., 2003).

In addition to the deep afterslip and the viscoelastic deformation, the 
shallow part of the Izmit segment is slipping aseismically since the main-
shock, raising the question whether this on-going segment behavior is 
related to the postseismic phase or is more perennial and corresponds 
to the interseismic deformation. Cakir et al. (2012) showed that the 
Izmit segment started to creep after the 1999 earthquake on the first 
kilometers of the sub-surface down to depths of 4 − 5 𝑘𝑚 with a creep-
ing rate of up to 10 𝑚𝑚∕𝑦𝑟 computed over the 2003-2009 period. It 
showed that some portions of this segment can slip both seismically and 
aseismically. By using InSAR, GNSS, and creepmeters data, the aseismic 
creep along the Izmit segment has been confirmed until 2017 (Cakir 
et al., 2012; Hussain et al., 2016; Aslan et al., 2019; Özarpacı et al., 
2020), with a locking depth estimated between 10 and 18 𝑘𝑚 and shal-
low steady creep of from 5 to 10 𝑚𝑚∕𝑦𝑟, located between the surface 
and 8 𝑘𝑚 depth, depending on studies. Recently, Aslan et al. (2019)
highlighted a 1 𝑚𝑜𝑛𝑡ℎ-long SSE in December 2016 causing a surface rel-
ative displacement of 10 𝑚𝑚, by using Sentinel-1 InSAR time series and 
creepmeter data collected close to Izmit (Fig. 1C). Özarpacı et al. (2020)
detected another transient event, also recorded by the Izmit creepme-
ter in September 2015, as well as with campaign GNSS measurements 
acquired close to the fault.

3. InSAR analysis

3.1. Interferograms and time series processing

By exploiting Sentinel-1 A and B SAR acquisitions, which benefit 
from repeat acquisition times of 6 days, we aim to characterize the de-
formation on the Izmit segment with a high temporal resolution from 
2016 to 2021, i.e. extending the time period with respect to previous 
studies. The interferograms and InSAR time series used in this work have 
been processed in the framework of the FLATSIM ForM@Ter LArge-Scale 
Multi-Temporal Sentinel-1 InterferoMetry Service project, operated by the 
French Centre National d’Études Spatiales (CNES) (Thollard et al., 2021). 
The processing workflow follows the New Small Baseline (NSBAS) ap-
proach (Doin et al., 2011): a selection of bursts, image co-registration 
and correlation, evaluation of the spectral diversity (Grandin, 2015), 
range estimate relative to the Digital Elevation Model (DEM) and pre-
cise orbit corrections. Interferogram networks are built by minimizing 
the perpendicular and temporal baselines (up to one year to reduce the 
impact of phase biases). Atmospheric contributions are addressed for 
each interferogram, based on global atmospheric models, using the ERA-
5 meteorological analysis from the European Centre for Medium-Range 
Weather Forecasts (ECMWF) (e.g. Jolivet, 2011). Finally, the time series 
are calculated from the inversion of the interferometric phases.

We use the results from three 250 𝑘𝑚-wide tracks covering the Izmit 
segment of the NAF (Fig. 1B): two ascending ones (A058 and A160), 
and a descending one (D138). The Fig. S1 in the Supplementary Mate-
rials gives the interferogram networks with the number of SAR images 
and interferograms used for the time series analysis. The common time 
period covered by the time series of the three tracks is from February 
2015 to April 2021. In order to remove the pixels with abnormal noise 
levels, we kept only the time series corresponding to the pixels with a 
Root Mean Square (RMS) misclosure lower than 1.5 𝑟𝑎𝑑 in each inter-
ferogram and using at least 900 interferograms per pixel to derive the 
time series (63 − 68% of the initial pixels - Fig. S2). The mean InSAR 
Line Of Sight (LOS) velocities of the three tracks are shown in Fig. 2 - A 

and B.
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Fig. 1. Tectonic settings and coverage of the InSAR data. (A) GNSS velocity field from England et al. (2016) of the Anatolia and the Aegean plates relative to Eurasia. 
The horizontal velocities are represented by the green arrows. The tectonic plates are delineated by the bold dark lines. The black rectangle corresponds to the area 
shown in B. (B) Earthquakes from the AFAD catalog over the 1999-2021 period are shown by colored dots. The focal mechanisms are for the 1999 𝑀𝑤7.6 Izmit 
(West) and the 1999 𝑀𝑤7.2 Düzce (East) earthquakes. The corresponding surface rupture trace is indicated by the bold red line (Barka, 2002). The geological faults 
are shown by the black lines (Emre et al., 2018). The dashed rectangles correspond to the three InSAR tracks used in this study, and the dotted rectangle corresponds 
to the cover of the bottom map. (C) Bedrock depth (green lines) within the Izmit basin based on gravity data from Özalaybey et al. (2011). The gray zone shows the 
pixels within the Izmit basin, with an elevation lower than 150 𝑚. The black star corresponds to the 1999 Izmit earthquake epicenter. The two black crosses and the 
two black dots show the locations of two creepmeters installed along the Izmit segment and of the campaign GNSS stations (SISL, SMAS), respectively. The bold red 
line corresponds to the surface rupture of the Izmit earthquake from Barka (2002).
3.2. InSAR referencing relative to GNSS velocities

We use the velocity field centered on the studied area relative to the 
fixed Eurasia plate calculated from survey and continuous GNSS mea-
surements by England et al. (2016) covering the Anatolia plate (Fig. 1A) 
to reference the InSAR data. The details are explained in the Appendix A.

3.3. Extraction of seasonal signals

Most of the LOS displacement time series across the tracks are af-
fected by strong seasonal signals. To isolate the tectonic signal, we 
model the seasonal signal for each pixel with annual periodic terms. De-
tails of the method including specific referencing of the seasonal terms 
3

are described in the Appendix B.
3.4. Horizontal and vertical decomposition

The mean strike of the Izmit segment being fixed to 𝑁90°, we com-
bine LOS time series corrected from the seasonal effects and referenced 
by GNSS velocities from the two ascending and the descending tracks, 
and convert them into horizontal East-West and vertical displacement 
time series. We consider that the North-South displacements are negligi-
ble. The method is described in the Appendix C. Finally, we obtain four 
time series: the East-West and the vertical cumulative displacement time 
series for the two ascending/descending couples of tracks. To describe 
the pairs of tracks used in each decomposition, we specify the set of data 
with the following terms TA058-D138 and TA160-D138, corresponding 
to the numbers of the ascending (A) and descending (D) tracks.

Because the Izmit segment is located in the far range of the track 
A058 where sensitivity to vertical displacements is lower than in the 

near range, we focus in the main text on the East-West time series based 
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on the pair of tracks TA058-D138. The results for the second pair TA160-
D138 are shown in the Supplementary Materials.

3.5. Extraction of the tectonic signal

To extract small amplitude deformation within the area of interest 
(Fig. 2 - C and D) related to slip on the top first kilometers of the Izmit 
segment interface, we apply additional corrections. We first correct for 
remaining long-wavelength signals that are non-tectonic, possibly due 
to orbit errors, tides or atmospheric signals. To do so, (i) we remove 
a linear temporal trend in each pixel time series, then (ii) we flatten 
each residual epoch displacement map, and finally (iii) we add back the 
linear trend. This step enables to reduce the mean standard deviation of 
the time series from 1.71 𝑐𝑚 to 1.05 𝑐𝑚.

As shown in Fig. 1C, the surface trace of the Izmit segment cuts 
through a Quaternary basin. Horizontal time series throughout the basin 
exhibit high-frequency temporal noise. To address this noise, we apply 
blind source separation using Independent Component Analysis (ICA) 
(e.g. Maubant et al., 2020). More details on this method are described 
in the Appendix D. The decomposition is only applied to pixels within 
the basin selected based on an elevation threshold (≤ 150 𝑚 - gray area 
Fig. 1C), on the temporally detrended horizontal time series. By remov-
ing two sources extracted by ICA, we reduce the average time series 
variances within the Izmit basin by 83%. The spatial distribution of the 
components (Fig. S4 - A and C) corresponds to a ramp within the basin, 
possibly due to residual low-elevation atmospheric signals.

4. Mean velocities and seasonal signals analysis

4.1. Mean horizontal East-West signal

On the mean East-West velocity map (Fig. 2D), the main signal is 
the strong gradient located along the NAF, consistent with the inter-
seismic deformation accommodating the right-lateral relative motion of 
the plates. By comparing the extracted velocities from 80 𝑘𝑚-long fault 
perpendicular profiles (red profile on Fig. 2E), we estimated a far field 
relative motion of 2.26 ±0.1 𝑐𝑚∕𝑦𝑟 by using far field linear fits, in agree-
ment with previous estimations (McClusky et al., 2000; Reilinger et al., 
2006; Nocquet, 2012). Lateral variations of the velocity gradient in the 
near fault are visible along the NAF, with a stronger gradient across 
the Izmit segment as shown by the profile Fig. 2E, and a smoother one 
across the Adapazari segment (eastern part of the study zone - Fig. S7). 
These lateral variations confirm that shallow creep is occurring along 
the Izmit segment, while the fault interface of the Adapazari segment is 
locked from the surface to a greater depth (Aslan et al., 2019).

4.2. Mean vertical signal

On the mean vertical velocity field (Fig. 2C), the Adapazari, Gölcük 
and Izmit basins are affected by subsidence (from 0.5 to 5 𝑐𝑚∕𝑦𝑟 in the 
Adapazari basin). On the north of the NAF, many pixels located outside 
of these Quaternary basins also have a negative mean vertical velocity, 
mostly correlated with westward motion, inconsistent with the expected 
tectonic deformation. Possible explanations for this signal could be ei-
ther short-term phase biases or variations of temporal coherence due to 
soil moisture or vegetation growth, these pixels being located in vege-
tated areas (e.g. crops, forests). However, we did not succeed to find a 
good metrics to mask out these pixels. Because the affected pixels are 
relatively far from the fault, they do not impact the extraction of the 
tectonic signal in this study.

Along the Izmit segment, no vertical motion is observed in the vicin-
ity of the fault, except within 3 𝑘𝑚-wide areas located south of the NAF 
(zoom on Fig. S8A) and affected by subsidence, likely due to local hy-
drological effects. The fault-perpendicular profile of the mean vertical 
velocity (the blue profile on Fig. 2E) reveals no deformation at the lo-
4

cation of the fault.
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4.3. Seasonal signals

Similar to the linear terms, we transform the two LOS displacement 
fields corresponding to the seasonal terms 𝐶 and 𝐷 from the equa-
tion (B.1) into horizontal East-West and vertical displacement fields by 
combining the seasonal terms from ascending and descending tracks 
(Figs. S9 and S10). The profiles perpendicular to the NAF confirm that 
the slip on the fault is not modulated by the seasonal oscillations on the 
Izmit basin. More details are given in section 1.3 in the Supplementary 
Materials.

5. Creep dynamics along the Izmit segment

In this section, we compare the InSAR relative displacements be-
tween pixels on both sides of the fault with the data collected at two 
creepmeters installed on the Izmit segment: the ‘Izmit creepmeter’ on its 
western part (40.7211°N-29.9465°E) and the ‘Tepetarla creepmeter’ on 
its eastern part (40.7210°N-30.0784°E) (shown in Fig. 1C). The temporal 
coverage of the creepmeters is from 2015 to 2020, but is discontinuous 
because of technical issues like flooding.

5.1. Fault relative displacement

5.1.1. Transient creep events
We analyze the East-West displacement time series corrected from 

non-tectonic signals close to the fault in order to focus on the shallow 
creep dynamics of the Izmit segment. We compute the mean time series 
of the pixels located within two 600 𝑚 by 600𝑚 squares, located on each 
side of the fault and centered 700 𝑚 from the fault trace. We then com-
pute the difference of both time series to obtain the Izmit along-strike 
relative displacement. Fig. 3B shows three examples of cumulative rela-
tive displacement time series obtained at longitudes 𝐸029.95°, 𝐸030.01° 
and 𝐸030.08°. All three relative time series exhibit a linear trend corre-
sponding to an average velocity of ∼ 5.3 𝑚𝑚∕𝑦𝑟 at the western location, 
∼ 6.7 𝑚𝑚∕𝑦𝑟 at the middle one and ∼ 6.0 𝑚𝑚∕𝑦𝑟 at the eastern one. 
Superimposed on these positive trends, clear temporal variations are 
observed in the time series, including transient accelerations in early 
2018 and late 2019 at the two eastern locations.

Fig. 3C shows the detrended cumulative relative displacement time 
series, where the linear trends computed between the acceleration 
episodes have been removed. It highlights the relative displacement am-
plitude during the transient accelerations in March 2018 and in Novem-
ber 2019 of up to 10 𝑚𝑚 of cumulative offsets during the two events. 
The second transient event coincides in time with a transient observed 
by both creepmeters (Fig. 3D) with transient amplitudes of 2 𝑚𝑚 at the 
Izmit creepmeter and 4 𝑚𝑚 at the Tepetarla creepmeter.

To constrain the lateral extent of these transient events, we analyze 
the relative displacement along the entire Izmit segment (Fig. 3A). The 
two transient events of 2018 and 2019 are clearly visible, extending 
along ∼ 13 𝑘𝑚, from the Marmara sea to latitude 𝐸030.10°. Another 
transient event emerging from the noise is also visible in 2016 but with 
lower amplitude than the two others. It coincides in time with a 1 𝑚𝑚

transient recorded by the Izmit creepmeter (Fig. 3D) and has also been 
documented by Aslan et al. (2019) who estimated an offset of about 
10 𝑚𝑚 of East-West displacement with InSAR measurements.

5.1.2. Analysis of transient and inter-transient periods
To compare the total displacements due to the transient events and 

the periods between them (‘inter-transient’ periods), we define two 
complete cycles composed of one main transient event and one inter-
transient period. The first cycle starts on January 20, 2017 and ends on 
May 20, 2018, including the 2018 transient slip event, while the second 
cycle starts on May 21, 2018 and ends on January 10, 2020, including 
the 2019 transient slip event.

Fig. 4 shows the cumulative displacements recorded during each pe-

riod. The spatial extent of the three transient events is different. The 
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Fig. 2. InSAR LOS, horizontal and vertical velocity fields. (A, B) Maps of the mean LOS velocities of (A) ascending tracks A058 and A160 and (B) descending track 
D138. Red and blue values correspond to velocities in 𝑐𝑚∕𝑦𝑟 away and towards the satellite, respectively. The fault network is represented by the black lines from 
Emre et al. (2018). The green arrows correspond to the GNSS velocities in a fixed Eurasia reference frame, obtained from England et al. (2016), and used to reference 
the East-West InSAR velocity field. The two black stars correspond to the 1999 Izmit 𝑀𝑤7.6 and the 1999 Düzce 𝑀𝑤7.2 earthquakes epicenters and the main cities are 
located by black triangles. The dotted rectangle corresponds to the cropped zone used in this study. (C, D) Mean vertical (C) and horizontal East-West (D) velocities 
after decomposition for tracks A058 and D138, and GNSS referencing. (C) Mean vertical velocities in 𝑐𝑚∕𝑦𝑟 with in red and blue, up and down displacements, 
respectively. (D) Mean East-West velocities in 𝑐𝑚∕𝑦𝑟 with in red and blue, eastward and westward displacements, respectively. The dotted lines highlight the major 
Quaternary basins named after the main city within them, Gölcük-Izmit, Adapazari and Geyve. (E) Fault-perpendicular profiles corresponding to the dotted-dashed 
rectangles on the middle maps of mean vertical (blue) and mean East-West (red) velocities, and the elevation (upper profile in gray). The thick lines correspond to 
the averaged velocities (smoothed over moving windows of 18 𝑑𝑎𝑦𝑠). For graphical reasons, the vertical velocity profile is shifted by +2 𝑐𝑚∕𝑦𝑟. The corresponding 
results obtained with the decomposition TA160-D138 are shown Fig. S6.
2016 event (panel A) ruptures mostly the western part of the segment 
over a ∼ 8 𝑘𝑚-long distance, and both the 2018 and 2019 events (panels 
B and C, respectively) happen on the central part of the segment over 
a ∼ 13 𝑘𝑚-long distance. The shape of the cumulative displacements 
during these events is mostly symmetrical, with maximum amplitude at 
the center. This representation highlights a lack of displacement during 
the transient events on the eastern part of the segment. The analysis of 
the cumulative relative displacements during the inter-transient periods 
5

(panels D and E) shows a cumulative relative displacement of 1 𝑐𝑚 on 
average everywhere along the segment. Lateral variations are evolving 
between the two inter-transient periods showing a temporal evolution 
of either local noise or potential other transient slip events producing a 
signal close to the noise level.

On Fig. 4F, we sum the relative displacements for the two 2018 and 
2019 transient slip events and 2016-2017 and 2017-2018 inter-transient 
periods. Despite the variations of cumulative relative displacement dur-
ing the inter-transient periods, the sum is homogeneous over the seg-

ment. However, the largest cumulative displacement occurring during 
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Fig. 3. Spatial and temporal evolution of the East-West relative displacements 
along the Izmit segment. (A) East-West relative displacement rate along the Izmit 
segment estimated by using a 50 𝑑𝑎𝑦𝑠 average sliding window, using pixels from 
400 𝑚 to 1000 𝑚 away from the fault. The pixels used are shown in Fig. S11. 
Three high amplitude periods are delimited by white dotted rectangles, cor-
responding to an increase of relative displacement rates above 4 𝑐𝑚∕𝑦𝑟. The 
arrows below the figure correspond to the location of the profiles shown on pan-
els (B) and (C), green and red corresponding to the locations of the Izmit and 
Tepetarla creepmeters, respectively. (B) Cumulative East-West relative displace-
ment estimated at three longitudes, by using pixels from 600𝑚-width boxes. The 
lines correspond to the 60 𝑑𝑎𝑦𝑠 average sliding windows. (C) Corresponding de-
trended cumulative East-West relative displacement time series obtained after 
the removal of the linear trend between the transient accelerations. (D) Creep-
meter records over the analyzed period of time, green and red corresponding to 
Izmit and Tepetarla creepmeters, respectively.

the transient periods is located on the central part of the segment, with 
a difference of at least 10 𝑚𝑚 of total displacement between the mid-
dle and the edges of the segment. The proportion of displacements due 
to both periods varies along the segment. On the middle of the seg-
ment, 50% of the cumulative deformation is due to the transient events, 
against only 25 −30% at the edges. Note that these ratios depend on the 
distance from the fault trace chosen to compute the relative displace-
ments. For example, the creepmeters located right on the fault capture 
6

only the transient events and no relative displacements before or after 
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the events (Fig. 3D), suggesting that only the slip during the transient 
events reach the surface while the inter-transient slip might be deeper.

5.2. Slip inference at depth

In this section, we estimate the slip distribution along the Izmit seg-
ment of the NAF from surface InSAR East-West displacement time series. 
We perform independent inversions for the static displacement during 
transient SSEs and for the linear velocity associated with steady creep 
estimated in between transient events. The inverse models formalism is 
explained in the Appendix E.

5.2.1. Steady-state creep
To study the linear trend observed on the time series between tran-

sient SSEs, we adjust the time series segments by removing the transient 
SSE offsets and compute the mean velocity using a linear regression 
(Fig. 5A). The fault-perpendicular profile shown on the Fig. 5B is fo-
cused closer to the fault than the profile shown Fig. 2E and enables 
to confirm the relative long-term velocity of the NAF (McClusky et al., 
2000; Reilinger et al., 2006; Nocquet, 2012).

We perform a series of inversions to constrain the locking depth in 
the deep part of the fault, using as inversion parameters 1500 𝑚 for 𝜆0, 
2500 𝑚 for 𝜆 and 0.5 for 𝜎𝑚, parameters selected by computing the slip 
roughness as a function of the RMS and selecting the values with the 
L-curve criterion (Hansen, 1992) (Fig. S19A). We conduct several inver-
sions with varying locking depths in the a priori model 𝑚0 ranging from 
0 to 30 𝑘𝑚, with slip rate below the locking depth fixed to the relative 
plate motion of 24 𝑚𝑚∕𝑦𝑟 (McClusky et al., 2000; Reilinger et al., 2006; 
Nocquet, 2012). We compute the RMS errors as a function of the a pri-
ori locking depths (Fig. S16) and investigate the slip models (Fig. S17). 
For a priori locking depths below 10 𝑘𝑚, the RMS are large and the slip 
models cannot explain the displacement away from the fault (Fig. S18), 
because of too shallow locking depths together with the slip positivity 
constraint preventing to obtain smaller slip amplitudes fitting the data. 
For locking depths below 15 𝑘𝑚, deep patches with unrealistic slip am-
plitudes are appearing in the slip models to counterbalance too deep 
locking depths. We thus estimate the optimal locking depth at 11 𝑘𝑚, 
to both fit the data and obtain an homogeneous slip distribution be-
low the locking depth. The corresponding slip distribution is presented 
in the Fig. 6A (the deeper part is shown on Fig. S17B), and shows ho-
mogeneous slip below the locking depth as well as shallow creep. The 
residuals between the preferred model prediction and the observations 
are shown in Fig. S18H.

The final slip distribution (Fig. 6A) shows shallow slip, mostly from 
2 to 4 𝑘𝑚, with slip rates of 2 𝑐𝑚∕𝑦𝑟 and up to 6 𝑐𝑚∕𝑦𝑟 at the longitude 
𝐸029.99°. This shallow slip is located right below the sedimentary basin 
as constrained by gravity measurements (Özalaybey et al., 2011). Other 
slip patches closer to the surface are located to the east of the Izmit 
segment, below the Sapanca Lake, at longitude 𝐸030.18°. The lateral 
roughness of shallow creep is poorly constrained by the data, which 
prevents us to study the along-strike slip rate variations. Several models 
obtained with distinct spatial smoothing in slip rate equally explain the 
observations (examples Fig. S20). However, the depth distribution is 
well constrained, independently of the spatial smoothing, with high slip 
rates between 2 and 4 𝑘𝑚 depth.

5.2.2. Transient slow slip events
After the removal of the linear inter-transient velocity studied pre-

viously (Fig. 5A), we compute the total displacement during each SSE 
by averaging the displacements 1 𝑚𝑜𝑛𝑡ℎ before and after the transient 
periods and computing the difference, at each pixel. The three maps on 
the Fig. 5 - C, D and E are the total East-West displacement fields ob-
tained for the 2016, 2018, and 2019 events, respectively. The locations 
of the three fault-perpendicular profiles (Fig. 5 - F, G and H) have been 
selected at the maximum relative displacements along the fault for each 

transient event. The three profiles show a strong gradient with different 
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Fig. 4. Relative cumulative displacement recorded during (A, B, C) and in between (D, E) three transient events highlighted by the white dotted rectangles in the 
Fig. 3A: in December 2016, in March 2018 and in November 2019. Two inter-transient periods are therefore defined, between the 2016 (from October 10, 2016 to 
January 20, 2017) and 2018 (from January 1𝑠𝑡, 2018 to May 20, 2018) events and 2018 and 2019 (from October 10, 2019 to January 10, 2020) events. (F) Sum of 
the relative cumulative displacement during the transient (red) and inter-transient (blue) periods. The pixels used to build this figure are shown in Fig. S11. Similar 
results obtained with the pair of tracks TA160-D138 are shown in Fig. S12.

Fig. 5. East-West velocity field during the continuous creep periods and East-West static offsets during the transient slow slip events. (A) Surface velocity computed 
during the steady-state creep periods. (B) Fault-perpendicular profile (location on A with the dashed lines) of the East-West velocity and of the mean elevation. (C-E) 
Static displacements offsets estimated during the three transient slow slip events in 2016 (C), 2018 (D) and 2019 (E). (F-H) Associated fault-perpendicular profiles 
from each map. The corresponding results obtained with the pair of tracks TA160-D138 are shown in Fig. S13.
amplitudes: ∼ 5 𝑚𝑚, ∼ 8 𝑚𝑚 and ∼ 9 𝑚𝑚 for the 2016, 2018 and 2019 
events, respectively. While the signal associated with the 2016 event 
appears more noisy on the map, the 2018 and 2019 events are charac-
terized by positive and negative lobes on each side of the fault.

We conduct inversions to estimate the slip at depth associated with 
the 2018 and 2019 SSEs. Taking into account the strong gradients of 
the East-West displacement fields observed across the fault, we choose 
to consider only the part of the interface below the Izmit segment from 
the surface to 5 𝑘𝑚. The Fig. 6 - B and C shows the results of the inverse 
7

model computation for the 2018 and 2019 transient events, respec-
tively, using as inversion parameters 𝑚0 = 0, 𝜆0 = 333 𝑚, 𝜆 = 2500 𝑚

(2018 event) and 𝜆 = 2000 𝑚 (2019 event) and 𝜎𝑚 = 0.5. 𝜆 is selected 
based on the L-curve criterion (Fig. S19B and S19C). Different models 
with varying 𝜆 are shown in Figs. S22 and S23. RMS errors obtained 
when comparing the preferred model predictions to the data are shown 
in Fig. S21. The main slipping patches are concentrated on the upper 
part of the fault interface, above 2 𝑘𝑚-depth, within or close to the 
downdip limit of the sedimentary basin. In both slip distributions, the 
slip is mostly localized on the central part of the Izmit segment, with 

a mean East-West displacement of about ∼ 3 𝑐𝑚. We observe two main 
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Fig. 6. Fault slip models for the steady creep and the 2018 and 2019 slow slip events. (A) Preferred slip model obtained for the steady creep, with an a priori
locking depth at 11 𝑘𝑚-depth. (B-C) Slip models obtained for the 2018 and 2019 slow slip events. The gray area underlined by a black thick line corresponds to the 
sedimentary basin obtained from gravity data by Özalaybey et al. (2011). The distance along fault is computed from the 1999 Izmit earthquake epicenter. (D) Depth 
distribution of the cumulative slip during the two complete cycles of transient and inter-transient periods (from the October 10, 2016 to January 10, 2020). The blue 
and red parts correspond to the creep during the inter-transient and transient periods, respectively. It has been computed within the tightened mesh, below the Izmit 
segment.
slipping areas, a smaller one on the western part (∼ 3 𝑘𝑚2) and a big-
ger one on the central part of the interface with a size about ∼ 8 𝑘𝑚2. 
Both are located within or just slightly below the sedimentary basin. 
It suggests that the same slipping areas ruptured by both SSEs. By us-
ing a mean shear modulus of 18 𝐺𝑃𝑎 for the first 4 𝑘𝑚 of the fault 
interface and slipping areas of 11.4 and 9.3 𝑘𝑚2 for the 2018 and 2019 
transient events, respectively, we obtain equivalent magnitudes of 4.4
and 4.3 (Hanks and Kanamori, 1979). Thus, the predicted North-South 
displacements related to each slip distribution reveal amplitudes lower 
than 0.1 𝑚𝑚, validating the assumption of a negligible North-South dis-
placement along the Izmit segment.

6. Discussion

The InSAR data used in this study results from the automatic process-
ing made in the framework of the FLATSIM project briefly described in 
section 3.1. We applied specific post-processing including referencing, 
denoising and sources decomposition (section 3) allowing us to extract 
a tectonic signal related to the spatio-temporal evolution of the slip on 
the Izmit segment of the NAF (section 5). Our results confirm that the 
products of this automatic processing are suitable not only for the anal-
ysis of continental deformation (Lemrabet et al., 2023), but also for the 
analysis of a regional (within a 200 𝑘𝑚2 region) and slow (a few 𝑚𝑚 for 
the transient events) deformation. Our post-processing analysis enables 
to correct the InSAR data from seasonal signals, as well as (i) large-scale 
signals included in the whole tracks, extracted using a trajectory model 
approach (section 4.3) and (ii) local signals located within the Izmit sed-
imentary basin and extracted using ICA (section 3.5). These seasonal 
signals (Figs. S4, S9 and S10) can be related to several mechanisms not 
studied here (e.g. hydrological or atmospheric residuals effects), and 
their spatial analysis reveal that no clear tectonic signal was contained 
in both types of signal, meaning that the creep along the Izmit segment 
is not seasonally modulated.

6.1. Steady creep along the Izmit segment

Our results confirm that the Izmit segment is still aseismically creep-
ing 22 𝑦𝑒𝑎𝑟𝑠 after the 1999 Izmit earthquake. To compare the cumula-
tive displacements along the segment before and after the Izmit earth-
quake, we use two survey GNSS stations SISL and SMAS located 3 𝑘𝑚

away from the fault (black dots in Fig. 1C) combined with published In-
8

SAR time series (Cakir et al., 2012; Hussain et al., 2016) as well as InSAR 
time series from this study. The Fig. S24 shows the East-West component 
of the SMAS-SISL baseline computed for the 1995-2019 period after re-
moving the interseismic linear trend before the earthquake (Özarpacı 
et al., 2020). We used the logarithmic decay with a relaxation time of 
60 𝑦𝑟 provided by Özarpacı et al. (2020) based on the SMAS-SISL base-
line to model the postseismic phase. As mentioned by Özarpacı et al. 
(2020), this logarithmic evolution suggests that the postseismic phase 
is still on-going. The InSAR time series from this study, with ∼ 5 𝑚𝑚∕𝑦𝑟
of baseline increase rate during the period 2015-2021, fit well with the 
logarithmic decay.

The shallow steady-state creep estimated in this study, occurs within 
the shallowest 5 𝑘𝑚 of the fault (Fig. 7). Coseismic models of the 1999 
Izmit earthquake (Delouis et al., 2002; Feigl et al., 2002) suggest that 
2 − 3 𝑚 of slip occurs in the first 5 𝑘𝑚 while the slip reached a maxi-
mum value of 7 𝑚 around 6 to 8 𝑘𝑚-depth. This is leading to 4 to 5 𝑚 of 
slip deficit in the shallow section of the fault. Postseismic slip estimates 
are discontinuous in time in the published literature. Early postseismic 
models suggest that 5 − 9 𝑐𝑚 of slip occurred on the first 5 𝑘𝑚 of the 
Izmit segment during the first 10 𝑑𝑎𝑦𝑠 (Bürgmann et al., 2002; Ergin-
tav et al., 2002). However, we have no constraints on the amplitude of 
early afterslip that occurred within the first few hours after the earth-
quake, which could reach up to 10% of the coseismic slip amplitude 
(Twardzik et al., 2019). Later estimates of the postseismic creep rate on 
the first kilometers of the fault (≤ 5 𝑘𝑚-depth) are coming from InSAR 
studies: ∼ 10 𝑚𝑚∕𝑦𝑟 from 2002 to 2010 (Cakir et al., 2012; Ergintav et 
al., 2014; Hussain et al., 2016), ∼ 8 𝑚𝑚∕𝑦𝑟 from 2011 to 2017 (Aslan 
et al., 2019; Özarpacı et al., 2020) and ∼ 7.5 𝑚𝑚∕𝑦𝑟 from 2016 to 2021 
estimated by our study. Taking into account all these estimates plus 
the observation that 2∕3 of the relaxation occurred within the first two 
years based on the logarithmic decay for the baseline between GNSS 
sites SISL and SMAS (Fig. S24), we obtain a rough estimate of a cumu-
lative shallow postseismic slip of ∼ 35 𝑐𝑚, representing less than 10% of 
the coseismic slip deficit, in agreement with the analysis from Özarpacı 
et al. (2020). Such a small amount of shallow postseismic slip with large 
uncertainties could mean that either a large part of the early shallow af-
terslip is missing in the published models or that the coseismic deficit 
was overestimated (e.g. due to neglected off-fault yielding) or that post-
seismic afterslip can still last for several decades to catch-up the deficit, 
like on the NAF Ismetpasa segment still creeping at the surface about 
eighty years after the 1944 𝑀𝑤7.3 Bolu-Gerede earthquake (Jolivet et 

al., 2023).
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Fig. 7. 2D fault interface of the Izmit segment with the slip distributions at distinct phases of the seismic cycle. The green lines delimit the coseismic slip distribution 
from Delouis et al. (2002). The blue colorbar corresponds to the steady creep with homogeneous creep at 24 𝑚𝑚∕𝑦𝑟 below 11 𝑘𝑚 depth and steady creep patches 
between 2 and 4 𝑘𝑚 depth. The red colorbar corresponds to the sum of both slip distributions obtained by inversions of the total displacements during the 2018 and 
the 2019 slow slip events. The gray area corresponds to the bottom of the sedimentary basin obtained from gravity data by Özalaybey et al. (2011). The red star 
corresponds to the 1999 Izmit earthquake hypocenter. The distance along fault is computed from the 1999 Izmit earthquake epicenter.
Our inverse models with varying a priori locking depths (sec-
tion 5.2.1), suggest an optimal locking depth of ∼ 11 𝑘𝑚 along the Izmit 
segment during the 2016-2021 period. Reilinger et al. (2006) found a 
locking depth of 21 𝑘𝑚 before the 1999 earthquake, whereas studies 
for the periods after the earthquake found locking depths from 10 to 
12 𝑘𝑚 (Cakir et al., 2012; Aslan et al., 2019; Özarpacı et al., 2020), in 
agreement with our result, except for Hussain et al. (2016) who found 
a deeper locking depth of ∼ 18 𝑘𝑚. The shallow locking depth in the 
two decades after the Izmit earthquake together with the deeper one 
estimated before the earthquake is favoring a still active postseismic af-
terslip below the seismogenic zone, with deepening of the locking depth 
throughout the seismic cycle. A shallow locking depth is also observed 
along the Ismetpasa segment of the NAF by Jolivet et al. (2023), who 
found locking depths of about 8 −12 𝑘𝑚 below the creeping segment and 
15 −20 𝑘𝑚 below the locked surrounding segments. As proposed by Jo-
livet et al. (2023), the shallow locking depth below some segments may 
potentially be a key factor in terms of stress transfers for the establish-
ment of long-lasting continuous shallow creep during the interseismic 
phase.

6.2. Izmit slow slip event cycle

Up to now, four SSEs have been detected along the Izmit segment: in 
September 2015 (Özarpacı et al., 2020), in December 2016 (this study 
and Aslan et al., 2019), in March 2018 and in November 2019 (this 
study), corresponding to an averaged return period of ∼ 1.3 𝑦𝑒𝑎𝑟𝑠. Such 
a recurrence interval is on the same order of magnitude to the ones ob-
served on the California faults segments with shallow SSEs, including the 
Superstition Hills Fault or the San Andreas Fault near San Juan Bautista 
(Wei et al., 2013). The recurrence intervals of SSEs on the Ismetpasa 
creeping section of the NAF was also of ∼ 1 𝑦𝑟 in the 80’s and between 
2014 and 2016 (Bilham et al., 2016). This recurrence interval might in-
crease in the future if the Izmit segment is still in its postseismic phase 
or can stay steady if the fault is already back in its interseismic phase 
(Wei et al., 2013). In between SSEs, we observe steady-state creep that 
is localized below. When looking at the slip rate variations during these 
periods of time, they are not steady in time (Fig. 4 - D and E) and might 
suggest the presence of lower amplitude transient slip events. However, 
these variations are at the noise level, preventing us to identify smaller 
amplitude SSEs. All scenarios between end-members continuous slip and 
successions of small amplitude SSEs are possible for the slip dynamics 
between 2 and 4 𝑘𝑚-depth.

Among the four SSEs of the Izmit segment observed so far, only the 
2018 and 2019 events have a signal complete enough to get estimates 
of associated slip at depth. The 2015 event has been observed only with 
the Izmit creepmeter recording 1.6 𝑚𝑚 of dextral displacement (Aslan 
9

et al., 2019). The 2016 event has been observed both with the Izmit 
Fig. 8. Creepmeter records from Izmit (in green) and Tepetarla (in red) during 
the 2019 event. The lines correspond to the raw records and the rectangles cor-
respond to the transient event periods.

creepmeter recording 1.1 𝑚𝑚 of dextral displacement and 10 𝑚𝑚 of In-
SAR East-West relative displacement by Aslan et al. (2019) and 5 𝑚𝑚 of 
East-West InSAR relative displacement in our analysis. The maximum 
relative displacement (Fig. 4A) is located on the western part of the 
Izmit segment. Slip amplitudes for both 2018 and 2019 SSEs are around 
1 to 2 𝑐𝑚 and can reach up to 6 𝑐𝑚 depending on spatial smoothing. 
The slip is mainly located on the central part of the Izmit segment for 
both of these events, suggesting a potential migration compared to the 
2016 event. The associated equivalent moment magnitudes for these 
two events are 4.4 and 4.3. The slip characteristics in terms of depth, 
shape of the slipping asperity and amplitudes are equivalent to other 
models of shallow SSEs on the Ismetpasa segment of the NAF (Rousset 
et al., 2016) or on the Supertition Hills Fault (Wei et al., 2009). These 
SSEs on the Izmit segment allow the release of 48 −51% of the plate load-
ing velocity, when computing the loading moment rate on the same area 
than the one used to compute the equivalent moment of the events.

To estimate the durations of the transient events, we analyzed the 
creepmeters records, the 6 𝑑𝑎𝑦𝑠 InSAR temporal sampling being too 
sparse to estimate precisely the durations of the SSEs. Fig. 8 shows the 
records of both creepmeters for the 2019 event, with a sampling of 

30 𝑠𝑒𝑐. The start of the event is obvious with a sharp onset. We esti-
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mate the end of an event as the time for which the pre-transient trend 
is being recovered. For the Izmit creepmeter (Fig. 8 in green), the event 
started on November 26, 2019 at 10am GMT and ended on December 
6, 2019 at 9am GMT, corresponding to a total duration of 9 𝑑𝑎𝑦𝑠 and 
23 ℎ𝑜𝑢𝑟𝑠. For the Tepetarla record (Fig. 8 in red), the event started on 
November 28, 2019 at 5pm GMT and ended the December 7, 2019 at 
1pm GMT, corresponding to a total duration of 8 𝑑𝑎𝑦𝑠 and 21 ℎ𝑜𝑢𝑟𝑠.

By using the total duration of about 9 𝑑𝑎𝑦𝑠 and the equivalent mo-
ment magnitude of 4.3 for the 2019 event estimated from the slip mod-
els, we can compare these characteristics with other worldwide SSEs. 
These values are in agreement with shallow continental strike slip faults 
SSEs on the Ismetasa segment of the NAF (Rousset et al., 2016), on the 
Superstition Hills Fault (Wei et al., 2009) and the Imperial Fault (Ma-
terna et al., 2024). Compared to subduction SSEs, these events have 
lower moment magnitudes, but the duration that can be equivalent to 
some short-term subduction events. In a moment magnitude versus du-
ration plot, they fall to the left of the linear relation between duration 
and moment magnitude obtained by gathering all subduction SSEs and 
tremors (Materna et al., 2024). As suggested by Ide and Beroza (2023), 
these events take place within the hidden area due to the lack of obser-
vational results for small magnitude events in subduction zones.

The onset of the 2019 SSE is shifted by 2.26 𝑑𝑎𝑦𝑠 between both creep-
meters. By using the distance of ∼ 14.5 𝑘𝑚 between them, and assuming 
a unilateral rupture with constant velocity, we estimate a propagation 
velocity from Izmit to Tepetarla of ∼ 6.4 𝑘𝑚∕𝑑𝑎𝑦, comparable with the 
ones observed for propagating events on the San Andreas Fault (Gittins 
and Hawthorne, 2022; Materna et al., 2024). It is also comparable with 
the along-strike propagation velocities of subduction SSEs in Nankai 
(Obara and Sekine, 2009), Cascadia (Bartlow et al., 2011) and Alaska 
(Rousset et al., 2019). Given that there is only two observation points 
to estimate the onset of the 2019 Izmit SSE, it is also possible that this 
event propagated bi-laterally, starting in between the two creepmeters 
and would lead to a propagation velocity between 0 and 6.4 𝑘𝑚∕𝑑𝑎𝑦
depending on the initiation location.

6.3. Possible mechanisms promoting creep and SSEs along the Izmit 
segment

Our analysis of the slip rate on the Izmit segment reveals two distinct 
slip modes: steady creep between 2 and 4 𝑘𝑚 and transient SSEs between 
the surface and 2 𝑘𝑚 depth (Fig. 7). The presence of shallow aseismic 
slip within the first 4 𝑘𝑚 is likely due to a compensation of slip deficit 
from the 1999 Izmit earthquake coseismic slip at seismogenic depths. 
Both slip modes observed at shallow depth are possibly due to depth 
variations of frictional properties, the shallow SSEs being located within 
or close to the downdip limit of a sedimentary basin. The continuous 
creep between 2 and 4 𝑘𝑚 might be a necessary condition to drive the 
shallow SSEs by continuously increasing the shear stress on the first 
kilometers of the fault.

In the framework of rate-and-state friction models, the depth-
dependence of the frictional parameters explains the various seismic 
and aseismic slip modes for strike-slip faults. An unstable velocity-
weakening layer at seismogenic depth overlaying a velocity-strength-
ening layer at deeper depths explains cycles of large earthquakes (e.g. 
Lapusta et al., 2000; Barbot et al., 2012). The addition of a velocity-
strengthening zone within the first kilometers of the fault can explain 
shallow aseismic creep (Kaneko et al., 2013). By adding even more 
complexities to the frictional variations within the first kilometers of 
the faults, including variations between conditionally stable velocity-
neutral and velocity-strengthening layers, Wei et al. (2013) and Ty-
mofyeyeva et al. (2019) show that the emergence of shallow transient 
aseismic slip events is possible. In the particular case of the Izmit seg-
ment, two key features have to be explained, (i) a logarithmic decay 
associated to the postseismic afterslip as observed by the pair of GNSS 
sites SISL and SMAS (Fig. S24) and (ii) the emergence of transient slip 
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events. The models derived by Wei et al. (2013) including a small con-
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ditionally stable layer close to the surface succeed to explain both of 
these observations. This model predicts a shortening of the recurrence 
SSE intervals within the postseismic phase. However, we cannot esti-
mate such an evolution with the limited number of events observed so 
far on the Izmit segment.

The distribution between creeping segments (e.g. Ismetpasa and 
Izmit) and locked segments along the NAF remains unclear, although a 
mineralogical control is often evoked. Within the Izmit area, the north-
ern branch of the NAF splits two bedrocks units composed of (i) lime-
stones from the Paleozoic-Mesozoic sequence on the northern side and 
(ii) several metamorphic units on the southern side, both deposited on 
a metamorphic basement (Akbayram et al., 2013; Kaduri et al., 2017; 
Taylor et al., 2019). The mineralogical analysis of the gouge of the Is-
metpasa creeping segment from Kaduri et al. (2017) suggests that the 
volcanic units are more prone to be affected by both seismic and aseis-
mic slip than the limestone ones. In the case of the Izmit segment, the 
contrast between the northern and the southern units is in agreement 
with geological conditions which can promote aseismic creep accord-
ing to Kaduri et al. (2017). The shallow sediments are usually clay-rich 
(e.g. Rockwell et al., 2009), which can also promote the development of 
creep (Bürgmann, 2018). In addition, a tomography study from Taylor 
et al. (2019) shows that the damaged zone within the crust goes down to 
5 𝑘𝑚 below the Izmit segment surface trace, compatible with the depth 
of the creeping zone.

High pore fluid pressure can also enhance the presence of transient 
aseismic slip as evidenced by tomography with high Vp/Vs ratio at 
subduction zones areas prone to SSEs (Shelly et al., 2006). In geother-
mal contexts, aseismic slip seems also to be the favored mechanisms 
to release the accumulated stress on local faults (e.g. Guglielmi et al., 
2015). On strike-slip faults, intense rain events have been suggested to 
favor transient creep events (Roeloffs, 2001). Seasonal modulation of 
creep has been observed on some faults, like the SAF (Li et al., 2023), 
which could be due to seasonal variations of either pore pressure or re-
gional hydrological surface loading. On the Izmit segment of the NAF, 
we analyzed the seasonal components of the time series (section 4.3) 
and found no clear evidence of seasonal modulation of creep. To evi-
dence any potential correlation with meteorological events, we looked 
at temperature and precipitation data from the ERA-5 Land data dur-
ing the 2016-2021 period (Fig. S25). We do not see clear relationship 
between temperature variations, cumulative precipitations and the tran-
sient event occurrences. However, the 2016 transient event coincides 
with a period of increased precipitations, which could potentially have 
an effect on pore pressure of the fault interface. The topographical low 
of the Izmit basin together with the sedimentary basin may also favor 
an overall high pore pressure within the basin.

Finally, we looked at the AFAD earthquake catalog over the 2016-
2021 period to detect any link between seismicity within the Izmit basin 
and the SSEs (Fig. S26). The temporal distribution of the events seems to 
be random over the 5 𝑦𝑒𝑎𝑟𝑠-long period, and no obvious link between 
these events and the SSEs can be inferred. The location of the events 
(Fig. S26A) reveals a seismically quiescent area corresponding to the 
central part of the Izmit segment, where the SSEs slip amplitude is the 
highest (Fig. 4F), suggesting a spatial segmentation between seismic-
ity and transient aseismic SSEs. We also looked for possible triggering 
by regional large earthquakes and found no events at the times of the 
shallow SSEs, suggesting that they are spontaneous SSEs.

7. Conclusions

By employing automated InSAR time series analysis and subsequent 
processing, we investigated the slip dynamics of the Izmit segment of the 
North Anatolian Fault from 2016 to 2021. Our results reveal a locked 
zone at 11 𝑘𝑚 depth and aseismic creep within the upper 5 𝑘𝑚, likely 
compensating for the 1999 Izmit earthquake’s slip deficit. The tempo-
ral analysis of the creep combined with slip inverse models show that 

steady creep is occurring 2 −4 𝑘𝑚-depth while transient slow slip events 
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are happening from the surface to 2 𝑘𝑚-depth. The depth separation be-
tween these two slip modes is likely due to frictional variations, the 
SSEs being located at the downdip limit of the sedimentary basin and 
above it. We detected two new SSEs, leading to four SSEs observed along 
this segment since the 1999 Izmit earthquake: in September 2015, De-
cember 2016, March 2018 and November 2019; corresponding to an 
average return period of 1.3 𝑦𝑒𝑎𝑟𝑠. The slip models of the 2018 and 
2019 events correspond to equivalent moment magnitudes of 4.4 and 
4.3, respectively. The creepmeter recordings at two sites allow to extract 
a propagation velocity of 6.4 𝑘𝑚∕𝑑𝑎𝑦 for the 2019 event. The presence 
of a transient slow slip event cycle 22 𝑦𝑒𝑎𝑟𝑠 after the Izmit earthquake 
might last for decades when comparing to the Ismetpasa segment of the 
NAF where slow slip events are still happening 80 years after the 1944 
Gerede-Bolu earthquake.
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Appendix A. Method of InSAR referencing relative to GNSS 
velocities

We project the GNSS velocities into the LOS components for each 
track, only using the horizontal eastward and northward GNSS compo-
nents. We then extract the mean InSAR LOS velocities within a 1 𝑘𝑚-
diameter circle surrounding each GNSS station to compare them with 
the GNSS velocities. We compute a 2D plane corresponding to the dif-
ference between the estimated mean InSAR LOS velocities and the GNSS 
velocities. By subtracting the 2D plane to our InSAR velocities, we ob-
tain a LOS velocity field relative to fixed Eurasia.

Appendix B. Seasonal signals extraction

We model the seasonal signal using a linear and annual periodic 
11

terms:
Earth and Planetary Science Letters 648 (2024) 119104

𝑥(𝑡) = 𝑥𝑅 +𝐵.(𝑡− 𝑡0) +𝐶.𝑠𝑖𝑛(2𝜋(𝑡− 𝑡0)) +𝐷.𝑐𝑜𝑠(2𝜋(𝑡− 𝑡0)) (B.1)

with 𝑥(𝑡) the cumulative LOS displacement at each pixel at time 𝑡, 𝑡0 the 
initial time (here January 1𝑠𝑡, 2015) and 𝑥𝑅 a constant term. 𝐵 repre-
sents the linear trend of the signal. 𝐶 and 𝐷 correspond to the seasonal 
amplitudes with periods of one year (cosine and sine correspond to the 
summer/winter and spring/autumn cycles for a 𝑡0 on January 1𝑠𝑡, re-
spectively). The best parameters are estimated independently for each 
pixel of each track in a least-square sense. The seasonal amplitudes (𝐶
and 𝐷 components) are locally referenced by subtracting a 4𝑡ℎ order fit-
ting surface in order to not be dependent on the signal amplitude of the 
unwrapping reference point.

Appendix C. Horizontal/vertical decomposition

We interpolate the LOS time series to be on the same spatial and 
temporal basis for the three tracks, by building a new spatial grid using 
a 0.001°-side square mesh (the initial grids having a 8 𝑙𝑜𝑜𝑘𝑠 resolution 
corresponding to a 120 𝑚 pixel size (Thollard et al., 2021)) and interpo-
lating each time series with it. Then, we define a new time vector with 
6 𝑑𝑎𝑦𝑠-intervals, minimizing the time between the initial acquisition 
times of the three tracks and the interpolated one, coinciding with the 
days of acquisitions of the tracks A058 and D138, acquired the same day 
but with an interval of 12 ℎ𝑜𝑢𝑟𝑠 (D1308 is acquired at 4am and A058 
is acquired at 4pm). The time interpolation is linear. Since Sentinel-1 
acquisitions shifted from 12 𝑑𝑎𝑦𝑠 revisit times before April 25, 2016 
to 6 𝑑𝑎𝑦𝑠-intervals afterward, we only use data acquired after May 1𝑠𝑡 , 
2016, for consistency.

We then use the following equations to project the LOS ascending 
and descending displacements onto the fault-parallel (horizontal) and 
vertical directions (e.g. Fialko et al., 2002):

𝑃 =
(
𝑒𝑎𝑠𝑐𝑠𝑖𝑛𝛼 + 𝑛𝑎𝑠𝑐𝑐𝑜𝑠𝛼 𝑢𝑎𝑠𝑐
𝑒𝑑𝑒𝑐𝑠𝑖𝑛𝛼 + 𝑛𝑑𝑒𝑐𝑐𝑜𝑠𝛼 𝑢𝑑𝑒𝑐

)
(C.1)(

𝑥𝑓,𝑡
𝑥𝑧,𝑡

)
= 𝑃−1

(
𝑥𝑎𝑠𝑐,𝑡
𝑥𝑑𝑒𝑐,𝑡

)
(C.2)

with 𝑃 a rotation matrix, 𝛼 the mean strike of the fault (in this case 
90°), (𝑒𝑖, 𝑛𝑖, 𝑢𝑖) the Cartesian components of the satellite look vectors 
for the ascending and the descending tracks (noted asc and dec, respec-
tively), 𝑥𝑖,𝑡 the LOS displacement, and (𝑥𝑓,𝑡, 𝑥𝑧,𝑡) the component of the 
displacement along the fault-parallel direction and the vertical direc-
tion, respectively, at time 𝑡.

Appendix D. Independent component analysis (ICA)

Independent Component Analysis (ICA) assumes that a signal 𝑋 can 
be represented as a mixture of several independent sources 𝑆 so that 
𝑋 = 𝐴 ∗ 𝑆 , where 𝐴 is a mixture matrix. The sources are estimated in 
order to estimate sources as independent as possible (Hyvärinen and 
Oja, 2000). We use the FastICA algorithm from the scikit-learn Python 
library.

We determine the optimal number of IC components by comparing 
the InSAR time series variances with the variance of the reconstructed 
time series using a variable number of IC components (Fig. S3). Three 
components enable to explain almost 80% of the InSAR data variance 
(shown in Fig. S4), including one component exhibiting a temporal lin-
ear trend (figure S4E). In order not to get rid of potential tectonic signal, 
we only remove the two components without temporal linear trends 
(Fig. S4 - D and F). By checking differential time series between two 
pixels on opposite sides of the fault, we verify that the tectonic signal is 
unaffected by the removal of the noise components (e.g. Fig. S5).

Appendix E. Inverse models formalism

To estimate the depth and amplitude of slip on the fault interface, 
we invert the InSAR surface displacement or velocity field by using the 

generalized least square solution (Tarantola and Valette, 1982):

https://doi.org/10.24400/253171/FLATSIM2020
https://www.unavco.org/data/strain-seismic/creep-data/creep-data.html
https://www.unavco.org/data/strain-seismic/creep-data/creep-data.html
https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.e2161bac?tab=overview
https://cds.climate.copernicus.eu/cdsapp#!/dataset/10.24381/cds.e2161bac?tab=overview
https://doi.org/10.24381/cds.e2161bac
https://doi.org/10.24381/cds.e2161bac
https://deprem.afad.gov.tr/event-catalog
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𝑚 =𝑚0 + (𝐺𝑡.𝐶−1
𝑑
.𝐺 +𝐶−1

𝑚
)−1.𝐺𝑡.𝐶−1

𝑑
.(𝑑 −𝐺.𝑚0) (E.1)

where 𝑚 is the strike-slip distribution on the fault plane, 𝑚0 the a pri-
ori model (non-zero only for the steady creep inversions), 𝐺 the Green’s 
functions relating unit slip on a given fault patch to the surface dis-
placement field, 𝐶𝑑 the data covariance matrix, 𝐶𝑚 the model covari-
ance matrix and 𝑑 the InSAR data. We add a positivity constraint on 
𝑚 of positive right-lateral strike-slip motion by using the non-negative 
least square algorithm (Lawson and Hanson, 1995). We compute covar-
iograms for each dataset to estimate the spatial covariance 𝐶 (Sudhaus 
and Jónsson, 2009):

𝐶(ℎ𝐶 ) =
1
2𝑁

𝑁∑
𝑖=1

(𝑑(𝑟𝑖).𝑑(𝑠𝑖)) (E.2)

where 𝑟𝑖 and 𝑠𝑖 are two pixels, ℎ𝐶 = ||𝑟𝑖 − 𝑠𝑖|| is the distance between 
both pixels, 𝑁 is the total number of pairs and 𝑑 the observed displace-
ments per pixel. The matrix 𝐶𝑑 is made of the spatial covariance 𝐶 for 
each pixel within the study zone. We compute a covariance matrix, us-
ing the following equation (e.g. Radiguet et al., 2011):

𝐶𝑚 =
(
𝜎𝑚.

𝜆0
𝜆

)2
𝑒
− 𝑎

𝜆 (E.3)

with 𝜎𝑚 the standard deviation of the model parameters, 𝜆0 a scaling fac-
tor, 𝜆 the correlation distance, and 𝑎 the distance between fault patches.

To compute the Green’s functions 𝐺, we consider a multi-layered 
elastic half-space (Zhu and Rivera, 2002). The velocity model (Karab-
ulut, 2024) as well as the density model for the sedimentary basin 
(Özalaybey et al., 2011) and for the deeper part (Crust 1.0, Laske et 
al., 2013)) are shown in Fig. S14. This layered structure is important 
for the study area to take into account the low velocities and low den-
sities within the Izmit basin, and avoid estimation bias of the shallow 
slip. The fault is meshed with tight patches of 333 𝑚 by 333 𝑚 below 
the Izmit segment down to 5 𝑘𝑚. The mesh is coarser around and down 
to 35 𝑘𝑚 with patches size increasing from 750 𝑚 by 1000 𝑚 meters at 
the surface to 5000 𝑚 by 5000 𝑚 at depth. For the steady creep esti-
mation between transient SSEs, we estimate tectonic loading from the 
side by computing Green’s functions for 4060 𝑘𝑚-long and 35 𝑘𝑚-deep 
fault patches. Below, we use a soft medium with near zero velocities. 
Such a medium has no resistance against the above-imposed fault mo-
tion and thus move together with both plates. A comparison with an 
infinite fault in an elastic medium shows that this boundary condition 
produces equivalent deformation amplitudes in the far field at a much 
reduced computational cost (Fig. S15). The scaling factor 𝜆0 being de-
termined using the mean distance between the patches, we use 1500 𝑚

for the continuous creep using the whole mesh and 333 𝑚 for the tran-
sient creep events inversions using only the tightened mesh.

Appendix F. Supplementary material

Supplementary material related to this article can be found online at 
https://doi .org /10 .1016 /j .epsl .2024 .119104.
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